We study the generation of small neutrino masses in an extra-dimensional model, where singlet fermions are allowed to propagate in the extra dimension, while the Standard Model particles are confined to a brane. Motivated by the fact that extra-dimensional models are non-renormalizable, we truncate the Kaluza-Klein towers at a maximal Kaluza-Klein number. This truncation, together with the structure of the bulk Majorana mass term, motivated by the Sherk-Schwarz mechanism, implies that the Kaluza-Klein modes of the singlet fermions pair to form Dirac fermions, except for a number of unpaired Majorana fermions at the top of each tower. These heavy Majorana fermions are the only sources of lepton number breaking in the model, and similarly to the type-I seesaw mechanism, they naturally generate small masses for the left-handed neutrinos. The lower Kaluza-Klein modes mix with the light neutrinos, and the mixing effects are not suppressed with respect to the light-neutrino masses. Compared to conventional fermionic seesaw models, such mixing can be more significant. We study the signals of this model at the Large Hadron Collider, and find that the current low-energy bounds on the non-unitarity of the leptonic mixing matrix are strong enough to exclude an observation.
I. INTRODUCTION
Experimental studies of neutrino oscillations have provided us with compelling evidence that neutrinos have masses and lepton flavors mix. Among various theoretical models, the famous seesaw mechanism [1] [2] [3] [4] provides us with a very natural description of why the masses of the three known neutrinos are so small compared to the masses of the other Standard Model (SM) fermions. In the simplest type-I seesaw model, heavy right-handed neutrinos with a mass scale M R are introduced in addition to the SM particle content. In order to stabilize the masses of the light neutrinos around the sub-eV scale, M R ∼ 10
14 GeV is naturally expected, if the Dirac mass m D between the left-and right-handed neutrinos is comparable with the mass of the top quark. The testability of conventional seesaw models is therefore questionable. Furthermore, the heavy right-handed neutrinos potentially contribute to the hierarchy problem through loop corrections to the Higgs potential, unless a supersymmetric framework is considered.
The Large Hadron Collider (LHC) will soon start to probe TeV scale physics, and the question of whether we can find hints on the neutrino mass generation mechanism at the LHC or not is relevant and interesting. There are several indications that new physics will show up at the TeV scale, in particular theories that are able to stabilize the Higgs mass and to solve the gauge hierarchy problem. The geometric mean of the Planck mass and the 2.7 K background temperature also suggests that 1 TeV is the maximum mass that any cosmologically stable perturbatively coupled elementary particle can have, otherwise the density of the Universe exceeds its critical value [5] . Within the seesaw framework, for the purpose of lowering the seesaw scale without spoiling the naturalness criterion, some underlying symmetry preserving the lepton number, L, is usually incorporated. For example, in the type-I seesaw with more than one heavy right-handed neutrino, contributions to the light-neutrino masses from different right-handed neutrinos may cancel each other due to the symmetry, which results in massless left-handed neutrinos after integrating out the heavy degrees of freedom from the theory [6] . Such a low-scale fermionic seesaw mechanism may not be able to stabilize the masses of the light neutrinos, since loop corrections may be unacceptably large. A possible way to avoid this problem of the type-I seesaw model is given by the inverse seesaw model, which contains a Majorana insertion used to reduce the B − L scale [7] . In the type-II seesaw model, extending the SM with an SU(2) triplet Higgs scalar [7] [8] [9] , the coupling between the triplet and the SM Higgs scalar breaks lepton number explicitly and is expected to be very small. Thus, the masses of the light neutrinos are suppressed through the approximate symmetry. In general, the canonical leptogenesis mechanism [10] , which provides a very attractive description of the origin of the observed baryon asymmetry of the Universe, does not work for the low-scale seesaw mechanisms unless severe fine-tuning is invoked [11] .
In this paper, we employ the alternative framework of extra spacetime dimensions, where the fundamental Grand Unified scale and the Planck scale are lowered in a natural way [12] .
We work exclusively within the context of flat extra dimensions. In our higher-dimensional seesaw model, a truncating scale restoring the renormalizability of the theory plays the role of breaking B − L, so that the masses of the light neutrinos are suppressed, while the lower Kaluza-Klein (KK) states can be searched for at the LHC. Significant low-energy nonunitary leptonic mixing, due to integrating out the heavy KK states, could give observable phenomena in future neutrino oscillation experiments, such as a neutrino factory [13] [14] [15] [16] [17] .
In addition, resonant leptogenesis could possibly be achieved in this model. For earlier studies of the generation of small neutrino masses in the context of extra dimensions, see for example Refs. [18] [19] [20] . A study of unitarity violation in scenarios with bulk gauge singlet neutrinos was performed in Ref. [21] . An alternative higher-dimensional seesaw model was investigated in Ref. [22] .
The remaining parts of the paper are organized as follows: First, in Sec. II, we present the general formalism of our model. Then, in Sec. III, we show explicitly how sizable nonunitarity effects emerge in the leptonic flavor mixing. Section IV is devoted to the collider signatures and the discovery potential of the heavy KK modes at the LHC. We comment on the origin of baryon number asymmetry in our model in Sec. V. Finally, a summary and our conclusions are given in Sec. VI.
II. HIGHER-DIMENSIONAL SEESAW MODEL
We consider a brane world theory with a five-dimensional bulk, where the SM particles are confined to the brane. We also introduce three SM singlet fermions Ψ i (i = 1, 2, 3) [18, [23] [24] [25] [26] . Being singlets, they are not restricted to the brane and can propagate in the extra spacetime dimensions. The action responsible for the neutrino masses is given by
where y is the coordinate along the extra compactified dimension and M S denotes the mass scale of the higher-dimensional theory. Note that, although Ψ c is defined in the same way as in four dimensions, it does not represent the charge conjugate of Ψ in five dimensions [27] , and hence, the term Ψ c M R Ψ is not a Majorana mass term 1 . However, in the four- We decompose the spinors of the bulk singlet fermions into two two-component objects:
Since the extra dimension is compactified on the S 1 /Z 2 orbifold, the KK modes of ξ and η c are four-dimensional Weyl spinors. We take ξ to be even under the Z 2 transformation y → −y, while η is taken to be odd. Thus, in Eq. (1), them c term corresponding to the coupling between ν L and η is not allowed. The KK expansions of ξ and η are given by
In general, an extra-dimensional model must be viewed as an effective theory, since it is non-renormalizable. This means that the KK towers are expected not to be infinite, but truncated after a finite number of levels. The nature of this cutoff depends on the specific ultraviolet (UV) completion of the model, which is not known. Here, we impose a truncation of the KK towers at a maximum KK index n = N. A cutoff of this kind arises, for example, in 1 Majorana mass terms are not allowed in five-dimensional spacetime [28] .
deconstructed models of extra dimensions [29] . In general, other kinds of truncation schemes are possible, but the one that we consider has the virtue of giving rise to a mechanism for generating small neutrino masses from the tops of the KK towers, as will be discussed below.
Inserting the above expansion into Eq. (1) and integrating over the compactified extra dimension, we arrive at the following form for the four-dimensional action
where, written in block-form, the mass matrix M n for the KK modes at the nth level takes the form
The Dirac mass term is then given by
For the purpose of simplicity in the following discussion, we define the linear combinations
for n 1. The full mass matrix in the basis
The scale of M R is not governed by the electroweak symmetry breaking, and hence, one can 
In Refs. [21, 30] , the limit N → ∞ is considered, and the light-neutrino mass matrix is then given by
The masses of the light neutrinos are suppressed only if tan(πRM R ) in the denominator of Eq. (8) is very large. Therefore, a severe fine-tuning between M R and R −1 has to be invoked, which appears quite unnatural. However, bare Majorana masses of the form
where k i is an odd integer, emerge naturally from the Sherk-Schwarz decomposition in string theory as a requirement of topological constraints, and hence, such relations do not suffer any fine-tuning problems (see detailed discussions in Ref. [18] ). With our chosen cutoff scheme, together with the above condition on M i , lepton number violation will be induced only at the top of the KK tower, as we will see shortly. There could, of course, be other lepton number violating processes at some intermediate point, but we choose to treat the simple scenario where the cutoff is the only source. One can easily prove that, in the simplest case k i = 1, the light-neutrino mass matrix is given by
Instead of a large mass scale M R for the singlet fermions, the light-neutrino masses are suppressed by the large cutoff scale N/R. We consider the interesting case where the scale of the UV completion is much larger than the scale of the extra dimension 1/R and the singlet fermion masses, i.e., we assume N ≫ k i to hold. In this limit, the neutrino mass matrix is simply given by
e., the scale of the neutrino masses is determined by a high-energy scale associated with the fundamental theory underlying the effective extra-dimensional model. As for the heavy KK modes, from Eq. (6), the masses of the nth excited KK modes are given by
As we will discuss later, this implies that X (n) and Y (n−1) (as well as X (1) and ξ (0) ) form Dirac pairs. Thus, lepton number can be assigned to these pairs and the lepton number violating effects, such as neutrino masses, can only arise from the unpaired Y (N ) at the top of the KK tower.
III. NON-UNITARY LEPTONIC MIXING
In order to compute the effective low-energy leptonic mixing, we first consider the lightneutrino mass matrix. Generally, m ν is a complex symmetric matrix, and can be diagonalized by means of a unitary matrix U as
where D = diag(m 1 , m 2 , m 3 ), with m i being the masses of the light neutrinos. Note that, similarly to the ordinary fermionic seesaw mechanism, the light neutrinos mix with the heavy KK modes. Thus, U is not the exact leptonic mixing matrix entering into neutrino oscillations, even if one works in a basis where the charged-lepton mass matrix is diagonal.
To see this point clearly, we can fully diagonalize Eq. (6) and then write down the neutrino flavor eigenstates in terms of the mass eigenstates
where ν mL denotes the mass eigenstates of the light neutrinos, and V is the upper-left 3 × 3 sub-matrix of the complete mixing matrix containing the light neutrinos as well as the full KK tower for the singlet fermions. Furthermore, we have introduced the quantities
which represent the mixing between the light neutrinos and the KK modes. The chargedcurrent Lagrangian in mass basis can be rewritten as
where g is the SU(2) coupling constant. Due to the existence of the KK modes, the lightneutrino mixing matrix is no longer unitary. To a very good precision, we have
Assuming that N ≫ k i , Eq. (15) can be approximated by
Compared to the conventional parametrization of non-unitarity effects
where ε is a Hermitian matrix, we thus obtain
An interesting feature of Eq. (17) In our numerical computations, we adopt a convenient parametrization [32] , and rewrite
with O being an arbitrary complex orthogonal matrix. With this parametrization, Eq. (17) takes the form
The present bounds at 90 % C.L. on the non-unitarity parameters are given by [31, 33] |ε|
where the most severe constraint is that on the eµ element, coming from the µ → eγ decay.
However, in the case that M R lies below the electroweak scale, but above a few GeV, the µ → eγ constraint is lost due to the restoration of the Glashow-Iliopoulos-Maiani (GIM) mechanism [33] , and a less stringent bound of |ε eµ | < 9.0 × 10 −4 should be used.
Apart from resulting in non-unitarity effects in neutrino mixing, the heavy singlet fermions in the bulk will also contribute to the lepton flavor violating (LFV) decays of charged leptons, e.g., µ → eγ and τ → µγ, through the loop exchange of KK modes [34] .
Different from the standard type-I seesaw mechanism, the corresponding branching ratios are not dramatically suppressed by the light-neutrino masses, but only driven down by the factor K (n) defined in Eq. (13) . Thus, appreciable LFV rates could be obtained.
IV. HADRON COLLIDER SIGNATURES
As shown in Eq. (14), the heavy singlets ξ (0) , X (n) , and Y (n) couple to the gauge sector of the SM, and thus, if kinematically accessible, they could be produced at hadron colliders. For a quantitative discussion, we now restrict ourselves to the simplest case k i = 1. Note that ξ
and X (1) are two-component Majorana fields with equal masses but opposite CP parities [35] . Thus, they are equivalent to a single Dirac field
, and mass M P 0 = M R . Similarly, X (2) can be combined with
, and hence, forms a higher KK Dirac mode with P The weak interaction Lagrangian for the heavy states can now be rewritten as
where θ W denotes the weak mixing angle and M W is the mass of the W boson. In the case M R > M h (where M h denotes the Higgs mass), the heavy KK modes decay in the channels P → ℓ − + W + , P → ν + Z, and P → h + ν. The corresponding partial decay widths are
. . .
. . . given by [36] at the top of the KK towers, we focus our attention on lepton number conserving channels mediated by the lightest KK modes. For example, an interesting channel is the production of three charged leptons and missing energy [37] , i.e., pp → ℓ
, which is depicted in Fig. 2 . Another possible process is the pair production of charged leptons with different flavor and zero missing energy, i.e., pp → ℓ
However, it is difficult to make significant observations in this channel at the LHC, due to the large SM background [38] .
An analysis of the collider signatures of an extra-dimensional model similar to the one that we consider was performed in Ref. [30] . It was found that the most promising channel for that model is three leptons and large missing energy. Since taus are difficult to detect, due to their short lifetime, only electrons and muons in the final state were considered. The signals were combined into two classes, the 2µ signal, given by the sum of the eµµ and µµµ signals, where e and µ denote both leptons and antileptons of the indicated flavors, and the 2e signal, given by the sum of the eeµ and eee signals. For the case of normal neutrino mass hierarchy (m 3 > m 2 > m 1 ), it was found that the 2µ combination gives the most promising signal. In order to reduce the SM background, which mainly comes from decays of Z bosons, the following kinematic cuts, taken from Ref. [39] , were adopted: i) the two like-sign leptons must each have a transverse momentum larger than 30 GeV and ii) the invariant masses from the two opposite-sign lepton pairs must each be separated from the mass of the Z boson by at least 10 GeV. Only the effects of the lowest KK level were considered, as it was concluded that the contributions from higher modes would be more than one order of magnitude smaller.
We have calculated the 2µ as well as the 2e signals for our model. The results, using an integrated luminosity of 30 fb In the case that the lightest neutrino is massless, the 2µ signal is stronger than the 2e
signal by approximately one order of magnitude for the normal hierarchy, while the opposite is true for the inverted hierarchy. In the case of a nearly degenerate mass spectrum, i.e., that the lightest neutrino has a non-zero mass equal to 0.1 eV, the two signals are almost identical, especially in the inverted hierarchy case. Since the expected background, after the kinematic cuts have been imposed, is of the order of 100 events [39] and none of the signals is stronger than O(10) events, we conclude that, for our model, the non-unitarity bounds are strong enough to rule out the part of the parameter space that could possibly be probed by the LHC.
V. COMMENTS ON LEPTOGENESIS
Baryogenesis via leptogenesis is one of the main candidates for being the theory appropriately describing the production of a baryon asymmetry in the early Universe, which is measured to be η B = (6.2 ± 0.15) × 10 −10 [41] . In its most basic form, leptogenesis occurs in a type-I seesaw scenario, where a net lepton asymmetry is produced through the out-of-equilibrium decay of the heavy neutrinos and then partially converted to a baryon asymmetry through sphaleron processes. The Sakharov conditions [42] are fulfilled by the decays occurring out of equilibrium, the loop level CP-violation of the decays through complex Yukawa couplings, and the baryon number violation of the sphalerons, respectively.
Usually, the net lepton number is produced by the decays of the lightest singlet fermions, since asymmetries produced by the heavier neutrinos will be washed out. However, in our scenario, the tower of Dirac fermions can be given definite lepton number assignments and lepton number violation only occurs at the top of the tower through the unpaired Y -states, which could take on the role of the singlet fermions in the basic scenario. It is important to note that for k i = 1 (i = 1, 2, 3), there will be no net lepton number violation, since all of the three unpaired states will be degenerate in mass. However, if the k i are different, e.g., k 1 = 3 and k 2 , k 3 = 1, then Y (N −2) 1 (see Fig. 1 ) will be the unique lightest Majorana state and a net lepton asymmetry could be produced. Since the mass splitting of 1/R between the Y -states is expected to be very small compared to the masses, the model would have to be treated within the framework of resonant leptogenesis [43] . Furthermore, to accurately examine the prospects for leptogenesis in this model, one would have to properly take into account the effects of the Dirac tower. Even if the Dirac fermions in the tower preserve lepton number, they do not participate in the sphaleron processes, since they are SM singlets, which could hide some part of the produced lepton number from the sphalerons if all Dirac fermions do not decay before sphaleron processes become inactive. Thus, a detailed analysis, which is beyond the scope of this paper, would be required to properly analyze the prospects for leptogenesis in this model.
For earlier studies of leptogenesis in extra dimensions, see for example Refs. [27, 44] .
VI. SUMMARY AND CONCLUSIONS
In this work, we have studied a possible mechanism for generating small neutrino masses in the context of extra dimensions. In the model that we consider, the SM particles are confined to a four-dimensional brane, while three SM singlet fermions are allowed to propagate in an extra dimension, compactified on the S 1 /Z 2 orbifold. Since extra-dimensional models are generally non-renormalizable, and can only be considered as effective theories, the KK expansions of the higher-dimensional fields are expected to be truncated at some cutoff scale. We have imposed a cut on the KK number, truncating the towers at n = N.
In the case that the bulk Majorana mass term for the singlet fermions has the form M R = k/(2R), where k is an odd integer, the KK modes of the singlet fermions pair to form Dirac fermions. Such a form for a Majorana mass is motivated by, for example, the Scherk-Schwarz mechanism. Due to the truncation of the KK towers, a number of unpaired
Majorana fermions remain at the top of each KK tower, and these are the only sources of lepton number violation in this model. If the cutoff scale is large, small masses for the left-handed neutrinos are naturally generated.
Due to mixing between the light neutrinos and the KK modes of the singlet fermions, large non-unitarity effects can be induced. Since the masses of the light neutrinos are generated by the top of each tower, these non-unitarity effects are not suppressed by the light-neutrino masses. Current bounds on the non-unitarity parameters have constrained the parameter space of the model.
Finally, we have considered the prospects of observing the effects of the lowest KK modes of the singlet fermions at the LHC. In particular, we have considered the three leptons and large missing energy signal, which has previously been found to be promising for a similar model. We have found that, in contrast to the previous results in the literature, the potential of discovering such models at the LHC is actually pessimistic. In particular, the parts of the parameter space that could be probed at the LHC are ruled out by the bounds imposed by the stringent constraints on the effective low-energy leptonic mixing. However, the non-unitarity effects in neutrino oscillations could be observable at future neutrino factory experiments. Therefore, future long baseline neutrino oscillation experiments could play a very complementary role in searching for hints of extra dimensions.
